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Polysulfone/MMT  nanocomposite  membranes  were  prepared  by  a  congruence  of  the  wet-phase  inversion
and the  solution  dispersion  techniques.  Different  clay  contents  and  two  kinds  of  polysulfone  were  used in
order to  investigate  the  changes  in  the  nanocomposite  structure  as  well  as  in  the  thermal  and  mechanical
properties.  The  increase  in  the  basal  spacing  with  the  clay  content  increase  was  revealed  by  SAXRD.  TEM
images depicted  the presence  of hybrid  morphology  and  SEM  images  showed  that  the  clay  particles  wereeywords:
olysulfone
ontmorillonite
anocomposite
embrane
olution dispersion
trapped  inside  the  cross-section  pores.  By  increasing  the  clay  content  and  polysulfone  molar  mass,  the
onset temperature  of decomposition  was  increased  and  the  mass  loss  was  decreased.  From  DTA studies,
it  was  observed  that  PSf  P-1700  low  clay  content  membranes  had  higher  values  of enthalpies  and  the
enthalpy  values  of  PSf P-3500  membranes  did  not  present  a regular  behavior.  Also  in the  tensile  tests,
the  increase  of  the clay  content  up  to  4.0  mass%  promoted  the  increase  of  elongation  at break  and  tensile
strength.
© 2013 Elsevier B.V. All rights reserved.. Introduction
Ceramic materials have been used not only as ﬁllers in polymers,
ut also their nanometric properties have been explored to pro-
uce polymer nanocomposites with enhanced performance [1–4].
y using clay, the dispersed phase in the polymer matrix is the
ilicate which is constituted of particles of about 100 nm in diam-
ter and 1 nm in thickness [5–7]. The interest in the polymer/clay
anocomposite production stems from the large spectrum of the
ossible applications. Features such as higher thermal, mechanical
nd chemical resistances, barrier properties, low expansibility and
ase of processing can be achieved through this type of nanocom-
osite [8–15].
In addition to the nanocomposite technology, much attention
as been directed to membrane separation technology, which in
ecent years has been studied for a growing number of applications
hat requires high-performance membranes [16–21]. A largely used
ethod to prepare them is the wet-phase inversion. This process
ccurs by polymer dissolution in an appropriate solvent or a solvent
ixture, solution casting as a thin ﬁlm and sorption of a non-solvent
y the atmosphere with posterior ﬁlm immersion in a non-solvent
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ttp://dx.doi.org/10.1016/j.apsusc.2013.01.102bath. In this last step, solvent and non-solvent exchange occurs
simultaneously to various phase transformations, resulting in the
ﬁnal membrane [22–27].
In the last ﬁve years, special attention was  given to
the addition of a fourth component in this ternary system,
polymer/solvent/non-solvent since the following advantages were
reported: solution rheology variation, macrovoid suppression,
mechanical strength improvement, longer lifetime and inter-
connectivity pore improvement resulting in higher permeability
combined with unchanged retention properties [28–33]. Studies
describe the use of clay as a fourth component aiming to take
advantage of the resulting features reported above as well as
the properties of the formed polymer/clay nanocomposite. Recent
work by Hashemifard and co-authors showed the use of different
types of montmorillonite to prepare a polyetherimide nanocom-
posite membrane via dry/wet phase inversion method. The use of
1.0 mass% Closite 15A produced a membrane with the best selectiv-
ity and permeance in CO2/CH4 separation due to the great adhesion
between polymer chains and clay platelets [34]. Hande et al.
prepared sulfonated poly (ether ether ketone) (SPEEK)/reactive
organoclay (Cloisite 30B) nanocomposite membranes and prop-
erties such as oxidative, thermal and mechanical stabilities
were improved by nanocomposite formation without signiﬁcantly
changing the proton conductivity in comparison with the pure
polymer membrane, being useful for direct methanol fuel cell appli-
cation [35]. Besides that, it is known that the use of different
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olar mass polymers can also modify membrane properties, due to
he polymer interactions with the other components of the ternary
ystem [36,37].
Therefore, considering both the solution dispersion and the
et-phase inversion method and aiming to improve membrane
roperties, in our previous study [38], sodium montmorillonite
lay (MMT)  was added to the ternary system composed of
olysulfone (PSf)/N-methyl-2-pyrrolidone (NMP)/water and the
anocomposite membranes were successfully prepared from dis-
ersions containing 25 mass% PSf Udel® P-1700/0.5 and 3.0 mass%
MT.  However, no relation was determined between clay con-
ent/molar mass of the polymer and ﬁnal material properties in that
tudy; therefore, an in-depth study of the interactions between clay
ineral platelets and PSf chains should be performed.
Thus, our main purpose is to study the inﬂuence of clay con-
ent as well as PSf molar mass on the nanocomposite structure
nd ﬁnal material properties. Nanocomposite structure was  studied
y small-angle X-ray diffraction, Fourier transform infrared spec-
roscopy, scanning electron microscopy and transmission electron
icroscopy. Additionally, the thermal properties were evaluated by
hermogravimetry and differential thermal analysis and mechani-
al properties by tensile tests.
. Material and methods
.1. Materials
Two kinds of commercial PSf (Udel® P-1700 and Udel® P-3500),
he Mw* of which are 62,973 and 71,526, respectively, were kindly
upplied by Solvay Advanced Polymers. As a solvent, NMP, obtained
rom Arino’s Química Ltda, was used and as a non-solvent, distilled
ater was used. Sodium montmorillonite (MMT), which is a natural
lay, was from Sigma Chemical Co. and was used without further
reatment.
.2. Nanocomposite preparation
Polysulfone nanocomposite membranes were prepared as
escribed elsewhere [38], whose preparation method consists in
 combination of the wet-phase inversion method and the solution
ispersion technique. Different clay contents (0.5, 1.0, 2.0. 3.0, 4.0
nd 5.0 mass%) were added to a 25/75 mass%/mass% PSf/NMP solu-
ion and homogeneous dispersions were prepared by mechanical
tirring. Each dispersion was used to cast viscous ﬁlm onto a glass
late by using a knife and was left to rest for 5 min. Then, the glass
late with the ﬁlm was immersed in the non-solvent bath at 25 ◦C
nd after 1 min  the membrane was formed. Finally, the membranes
ere dried in a vacuum oven at 80 ◦C for 6 h.
.3. Structural characterization of the PSf/MMT nanocomposites
Small-angle X-ray diffraction (SAXRD) analysis was  used to eval-
ate the basal spacing between the clay mineral platelets. SAXRD
as performed with a Rigaku X-ray diffractometer using nickel-
ltered Cu K1 radiation source ( = 0.15418 nm) under a voltage
f 40 kV and a current of 30 mA  in the range of 1.5–25◦ (2). In order
o verify if polymer chains and no water molecules were interca-
ated between clay mineral layers, membranes were calcinated in a
educing atmosphere up to 300 ◦C, with a heating rate of 5 ◦C min−1,
taying at 300 ◦C for 5 min  and cooled at room temperature, then,
heir SAXRD patterns were taken.
Transmission electron microscopy (TEM) was used to inves-
igate the clay structure in the PSf matrix. Thin ﬁlms of the
anocomposites were encapsulated in epoxy resins and were cut
rom these epoxy blocks at room temperature with an ultrami-
rometer with a diamond knife. The samples were examined withcience 275 (2013) 110– 120 111
a Philips CM120 transmission electron microscope operated at a
120 kV acceleration voltage.
Aiming to observe clay dispersion as well as differences on
membrane surface and cross-section by adding clay or by using
a different polysulfone molar mass, scanning electron microscopy
(SEM) images were collected by using a Quanta 600 FEG with a
20 kV voltage. The surfaces were sputter-coated with carbon to
make the surface conductive by a Bal-tec SCD 050 metallizer.
The nanocomposite structure was  also studied by Fourier trans-
form infrared spectroscopy (FTIR). As the main aim of this study
was  to analyze the differences between the bands of the mem-
branes prepared with different clay contents and polysulfone molar
masses, membranes were prepared with the same thickness by
casting the different polymer dispersions onto a glass plate by
means of custom made tubular casting knife (gap 250 m)  and then,
this plate was  immersed in the water and the samples were dried.
FTIR study was  performed by using a Bomem MB-10 interferome-
ter for a scanning coverage from 4000 to 300 cm−1 at a resolution
of 4 cm−1 using 64 scans.
2.4. Thermal properties of the nanocomposite membranes
Thermogravimetry (TGA) and differential thermal analysis
(DTA) curves were carried out on SDT-500 TA Instruments. Polymer
samples, around 5 mg,  were heated from 25 to 900 ◦C at 10 ◦C min−1
under ﬂowing air (50 mL  min−1).
2.5. Mechanical properties of the nanocomposite membranes
Fifteen specimens of each membrane were tested on an Instron
5567 at room temperature with a crosshead speed of 50 mm min−1
according to ASTM D882-02 and tension strength and elongation
at break average values as well as their standard deviations were
determined.
3. Results and discussion
3.1. Structural characterization of the PSf/MMT nanocomposites
SAXRD is one of the most powerful techniques to study the dis-
persion of clay mineral inside the polymer matrix. The basal lattice
of the MMT,  which was  observed at 2 value of 6.0◦ (14.8 A˚), is typ-
ical for this type of clay due to the presence of water molecules
inside the clay mineral galleries. This basal lattice shifted to higher
values when mixed with PSf, corresponding to basal spacings (d0 0 1)
around 13 A˚ (Fig. 1) as seen in Table 1.
Another point that should be emphasized is that by increasing
the clay content in the hybrids with both types of PSf, the diffrac-
tion peak intensity related to the clay mineral was also increased in
agreement with Homminga et al. [39]. However, this increase was
not regular, which could imply the existence of not only interca-
lated structures, but also the possibility of having tactoids and/or
exfoliated portions. The diffraction peaks situated at 2 value of
12◦ and 17.5◦, which corresponded, respectively to the interplanar
distances of 7 and 5 A˚ intrinsic to polysulfone.
In order to conﬁrm that polymer chains instead of water
molecules were intercalated between clay mineral layers, SAXRD
patterns of the calcinated hybrids were taken and basal spacings
were calculated. Since the hybrids were dried at 80 ◦C, if there
were no polymer chains between these galleries, the clay min-
eral platelets would collapse and the new d0  0 1 spacing would be
around 10 A˚. Therefore, from the basal spacings in the calcinated
membranes (Table 1), it can be conﬁrmed that polymer chains
were intercalated between the clay mineral layers, since the d0 0 1
spacings were around 14.0 A˚.
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Fig. 1. SAXRD patterns of the (a) sodium montmorillonite clay and of the
membranes prepared from the dispersions containing: (b) 25 mass% PSf P-
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gle MMT  layer is 1 nm and the thickness of the dark lines were
T
B700/0.5 mass% MMT,  (c) 25 mass% PSf P-1700/4.0 mass% MMT,  (d) 25 mass% PSf
-3500/0.5 mass% MMT  and (e) 25 mass% PSf P-3500/4.0 mass% MMT.
From these results, it is thought that the clay mineral layers were
ispersed in NMP  by the increase in entropy due to the disorganized
lay mineral platelets which overcame the clay mineral platelet
rganizational entropy. Then the polymer chains were adsorbed
n the delaminated clay mineral layers and when the solvent was
emoved, the clay mineral platelets were reunited, ﬁlled with PSf
hains, forming a multilayer ordered structure, in other words, the
ntercalated morphology. Moreover, from the basal spacing values
f these nanocomposites (around 13 A˚), it is possible to afﬁrm that
here was the formation of monolayers of the intercalated polymer
hains into the interlayer spaces [40].Representative TEM photomicrographs showing the morphol-
gy of some of the PSf nanocomposites containing different MMT
ontents are compared qualitatively in this section. Fig. 2 shows a
able 1
asal spacings (d0 0 1) of the non-calcinated and calcinated membranes prepared with diff
Clay content
(mass%)
d0 0 1 of the non-calcinated
membranes prepared with PSf
P-1700 (A˚)
d0 0 1 of the non-c
membranes prep
P-3500 (A˚)
0.5 13.3 13.1 
1.0  13.3 13.3 
2.0  12.9 13.5 
3.0  13.2 13.4 
4.0  13.3 13.2 
5.0  13.5 14.0 Fig. 2. TEM micrographs of the membranes prepared from the dispersions contain-
ing: (a) 25 mass% PSf P-1700/1.0 mass% MMT,  (b) 25 mass% PSf P-3500/1.0 mass%
MMT  and (c) 25 mass% PSf P-3500/5.0 mass% MMT.
series of low magniﬁcation TEM images in which clay content is
varied. Filled materials clearly showed a particular microstructure:
layered silicates appear as dark lines, PSf matrix is the dark grey
part and the light grey part is related to the pores of the mem-
branes ﬁlled by epoxy resin. This overview demonstrates that all
the nanocomposites contained intercalated clay mineral layers and
also aggregated clay mineral layers, since the thickness of a sin-about 100 nm [41]. Exfoliated particles (Fig. 2a and b) could also be
seen in the samples with low clay contents, and a complex inter-
calated/exfoliated morphology was  formed. Therefore, a lack of
erent clay contents and PSf molar masses.
alcinated
ared with PSf
d0 0 1 of the calcinated
membranes prepared
with PSf P-1700 (A˚)
d0 0  1 of the calcinated
membranes prepared
with PSf P-3500 (A˚)
14.0 14.1
14.0 13.8
13.8 14.5
14.0 14.4
13.8 14.1
14.0 13.9
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egular increase of the intensity of the diffraction peak related to the
ontmorillonite can be ascribed both to the presence of tactoids,
s well as to exfoliated platelets.
The visualization of these aggregated clay mineral layers can be
elated to several factors, such as: a not complete intercalation and
hus a signiﬁcant number of some-lamellae tactoids; the ultrami-
rotoming direction may  not be perfectly normal to the surface of
he platelets and then clay mineral layers appeared tilted in the
EM image or, still, there is the possibility of imperfect focusing of
hese unstable samples in TEM [42]. Furthermore, there were no
igniﬁcant differences between the two types of PSf.
The morphology of the hybrid material surfaces was  observed by
EM (Fig. 3). By increasing the clay content in the membranes pre-
ared with both kinds of PSf, the surfaces tended to be denser with
 lower number of pores, which also had lower pore diameter. This
ehavior was less pronounced in the membranes prepared with
Sf P-3500, which present a slight difference in both parameters
etween the unloaded and the 2.0 mass% MMT  loaded membranes. good dispersion of the clay particles, which are represented by
he small light lines, into the PSf matrix could also be veriﬁed
ince they were spread randomly and homogeneously on the whole
ig. 3. Some examples of SEM images of the surfaces of the membranes prepared from
.0  mass% and (c) 4.0 mass% MMT.cience 275 (2013) 110– 120 113
surface. The formation of more dense surfaces is believed to be due
to the adsorption of polymer and solvent onto the clay mineral layer
surface, hence there was a lower number of solvent molecules that
solvate the formed structure. Consequently, when in contact with
water, the structure was  precipitated faster, forming a dense layer.
Regarding cross-section SEM images (Fig. 4), the addition of
clay did not promote changes to the cross-section morphology,
which was maintained as a cellular morphology. The only differ-
ence is the presence of imprisoned clay particles within membrane
pores and the presence of bulbous macrovoids on the SEM images
of the membranes prepared from dispersions containing at least
2.0 mass% MMT.  The presence of imprisoned clay particles can be
explained by the formation mechanism of the membrane using the
wet-phase inversion method. For solutions with 10 mass% or higher
polymer concentrations, phase separation is known to occur by
nucleation and growth of the poor polymer phase, which is the for-
mation mechanism of the membranes presented herein [43–45]. As
the growth of the nucleated phases was performed, clay particles
were excluded from the rich polymer phase and were imprisoned
in the poor polymer phase, which originated the pores. Further-
more, with the increase of clay content in the dispersion, dispersion
 the dispersions containing 25 mass% PSf P-1700 or P-3500 and: (a) 0.0 mass%, (b)
114 P. Anadão et al. / Applied Surface Science 275 (2013) 110– 120
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dig. 4. Some examples of the SEM images of the cross-sections of the membranes pr
b)  2.0 mass% and (c) 4.0 mass% MMT.
iscosity was increased and formed a barrier preventing non-
olvent molecules from entering. Hence, diffusion of the non-
olvent was reduced and there was delayed local phase separation
46].
Fig. 5 presents FTIR spectra of the MMT,  pure PSf and
anocomposite membranes. Characteristic bands of polysulfone
re: C H stretching of the methyl groups in the isopropylidene
nit at 2969 cm−1, benzene ring skeletal stretching mode in the
600–1475 cm−1, sulfone bands at 1325 and 1154 cm−1 and anti-
ymmetric C O stretching frequencies at 1257 and 1014 cm−1
47]. All these bands had high intensities in the FTIR spectrum
f the membrane prepared with PSf P-1700 and from this spec-
rum, the other membranes were studied. In relation to the MMT,
ts spectrum presented the following bands: antisymmetric Si O
tretching at 1043 and 481 cm−1, O H stretching at 3631 and
420 cm−1, Al OH deformation vibration at 916 cm−1 and Si O Al
ibration at 797 and 524 cm−1 [48–51].
In all nanocomposite membranes, the band related to the C H
tretching of the methyl groups in the isopropylidene unit disap-
eared, suggesting that this part of the PSf molecule had restricted
reedom of movements in the nanocomposite structures. In the
TIR spectrum of the membrane prepared from 0.5 mass% MMT
ispersion, the other PSf bands had lower intensities and the MMT from the dispersions containing 25 mass% PSf P-1700 or P-3500 and: (a) 0.0 mass%,
bands at 3631, 918, 796 and 465 cm−1 had low intensities, most
probably due to the low MMT  content and not because of the
interactions between the PSf chains and clay mineral platelets.
The membrane prepared from 1.0 mass% MMT  showed MMT  bands
with higher intensities, including the band in the 1030 cm−1 region,
on the other hand, the PSf bands had lower intensities. The mem-
branes prepared from the 2.0, 3.0 and 4.0 mass% MMT  dispersions
presented the same behavior, which was proportional to the clay
content. Lastly, the membrane prepared from the highest MMT  con-
tent dispersion also showed MMT  bands with increased intensities;
moreover, the referring spectrum did not have any PSf band, pos-
sibly due to the high MMT  content which restricted the PSf chain
vibration.
Comparing the PSf P-1700 and P-3500 membranes, it is pos-
sible to observe that the intensity of the C H stretching of the
methyl groups in the isopropylidene unit band is lower in the PSf P-
3500 spectrum, while the other PSf bands had pronounced higher
intensities. Curiously, this is the same band that had its intensity
reduced in the presence of clay, demonstrating that this group
has a fundamental role in the intermolecular interactions. Since
PSf P-3500 has a higher molar mass, PSf chains are larger and,
therefore, hinder this group stretching as observed when clay is
added.
P. Anadão et al. / Applied Surface Science 275 (2013) 110– 120 115
Fig. 5. FTIR spectra of the pure MMT  and the PSf P-1700 and P-3500 membranes prepared from the dispersions containing: (a) 0.0 mass%, (b) 0.5 mass%, (c) 1.0 mass%, (d)
2.0  mass%, (e) 3.0 mass%, (f) 4.0 mass% and (g) 5.0 mass% MMT.
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Fig. 6. TGA curves of the (a) pure MMT  and the PSf P-1700 membranes prepared from the dispersions containing: (b) 0.0 mass%, (c) 0.5 mass%, (d) 1.0 mass%, (e) 2.0 mass%,
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In the FTIR spectra of the PSf P-3500 nanocomposite mem-
ranes, the C H stretching band was not present. Moreover, the
est of the spectra of the nanocomposite membranes did not
resent a regular behavior in relation to the decrease and increase
f the intensities of MMT  bands and of PSf bands, respectively. To
llustrate this lack of regularity, the FTIR spectrum of the membrane
repared from the 0.5 mass% MMT  dispersion can be mentioned,
n which the intensities of the PSf bands were very low and in the
TIR spectra of the membranes prepared with 1.0, 2.0 and 5.0 mass%
MT, the intensities of the PSf bands were very high in relation to
he intensities of the MMT  bands. The membrane prepared with
.0 mass% MMT  showed lower intensities of the PSf bands while
he intensities of the MMT  bands were increased and in the FTIR
pectrum of the membrane prepared from 4.0 mass% MMT  dis-
ersion, this behavior was more pronounced. Hence, in order to
etter understand this behavior, NMR  and Raman spectroscopies
re intended to be performed in the future.3.2. Thermal properties of the nanocomposite membranes
TGA curves (Figs. 6 and 7) of the PSf and nanocomposite mem-
branes presented a two-stage mass loss event, which began at
450 ◦C and ended around 650 ◦C, ascribed to the PSf decomposition
[52]. For both polysulfones, the thermal stability of nanocomposite
membranes was  higher than that of PSf membrane.
In the ﬁrst stage of degradation, a moderate improvement in
thermal stability was found in the nanocomposites. Table 2 showed
a 2–55 ◦C increase in the initial degradation temperature of PSf
P-1700 nanocomposites and a 13–53 ◦C increase in the initial degra-
dation temperature of PSf P-3500 nanocomposite with the increase
of MMT  content. This may  be due to kinetic effects, with a higher
content of platelets retarding the diffusion of oxygen into the poly-
mer matrix. Insigniﬁcant differences were observed for the onset
temperature for the second stage as well as for the ﬁnal degradation
temperature.
P. Anadão et al. / Applied Surface Science 275 (2013) 110– 120 117
Fig. 7. TGA curves of the PSf P-3500 membranes prepared from the dispersions containing: (a) 0.0 mass%, (b) 0.5 mass%, (c) 1.0 mass%, (d) 2.0 mass%, (e) 3.0 mass%, (f)
4.0  mass% and (g) 5.0 mass% MMT.
Table 2
Onset and ﬁnal temperatures of decomposition, mass losses and enthalpies (H1 and H2) of the decomposition event of the PSf P-1700 and P-3500 nanocomposite
membranes.
Clay content (%) Onset temperature of
decomposition (◦C)
Final temperature of
decomposition (◦C)
Mass loss (%) H1 (J/g) H2 (J/g)
P-1700 P-3500 P-1700 P-3500 P-1700 P-3500 P-1700 P-3500 P-1700 P-3500
0.0 450 450 657 658 97.4 93.8 −12,157 −8881 −10,452 −8896
0.5  452 463 652 655 92.7 92.8 −7151 −9457 −8842 −9183
1.0  470 475 680 662 92.2 88.8 −7942 −5926 −7431 −8310
2.0  469 480 660 670 81.0 83.8 −7507 −9372 −8903 −10,458
3.0  479 487 659 653 86.0 79.9 −8428 −8254 −10,058 −10,796
4.0  490 490 688 654 89.3 78.1 −9203 −7527 −9783 −9897
5.0  505 503 685 665 86.3 76.3 −8428 −9445 −10,058 −9393
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ical properties were found to be higher in the PSf P-3500
membranes, since its polymer chain length is higher which results
in a higher number of intermolecular bonds, thus increasing both
properties.ig. 8. Typical DTA curve for a nanocomposite membrane, in this case, prepared
rom a dispersion containing 25% PSf P-3500/2.0 mass% MMT.
In relation to the mass losses, the PSf P-3500 membranes pre-
ented a lower mass loss than the PSf P-1700 membranes, which
eant that the interactions between the polymer chains with
igher extension were bigger than that of between the lower molar
ass polymer chains. The mass loss was also found to be lower
y increasing clay content in both PSf membranes due to the
rotection of the polymer chains by a higher number of clay min-
ral platelets towards decomposition. Besides that, a pronounced
ecrease of the mass loss was observed when this parameter is
ompared between the pure PSf membranes and the membranes
repared from the 1.0 and 2.0 mass% MMT  dispersions, showing
hat not only the amount of clay was responsible for the mass loss,
ut also the nanocomposite morphology, as these membranes pre-
ented an exfoliated structure which hindered the mass transfer
fﬁciently.
From the DTA curves (Fig. 8), it is possible to observe that the
wo-stage mass loss event shown in the TGA curves is constituted
y two exothermic processes. The relation between the clay content
n the membrane and the enthalpies of these exothermic processes
re also presented in Table 2.
In the case of the PSf lower molar mass membranes, enthalpy
as increased in the membranes with lower clay contents and
hen, decreased again in the membranes with higher clay contents,
lthough their values were still lower than the enthalpy of the pure
Sf membrane. This phenomenon could be explained as follows:
ince clay mineral layers protect polymer chains, the exothermal
rocess is smoother and therefore, the released energy is lower.
owever, in the membranes with higher clay contents, decompo-
ition takes longer to occur, having a located heat concentration
n the clay mineral layers which favor the occurrence of a more
ntense burn of the PSf chains in relation to the membranes with
ower clay contents in their composition. Even so, a portion of poly-
er  chains is protected by the clay platelets; thus, their enthalpies
re higher than that of the pure PSf membrane. Irregular behavior
as found in the PSf P-3500 membranes, possibly by the longer
olymer chains and, therefore, the heat concentration was  not so
ffective to produce signiﬁcant differences on enthalpy values.
.3. Mechanical properties of the nanocomposite membranes
The elongation at break, a measure of ductility, is related with
he clay content in Fig. 9. The presence of clay is usually known
y the nanocomposites becoming more brittle, causing a decrease
n elongation at break. Nevertheless, signiﬁcant improvements
ave been seen in this mechanical property up to clay loadings of
.0 mass% for both types of polysulfone, which corresponded to aFig. 9. Elongation at break for PSf nanocomposite membranes.
maximum increase of 56% in the PSf P-1700 nanocomposite mem-
brane and of 106% in the PSf P-3500 nanocomposite membrane. A
reason for this could be the rearrangement of clay platelets in the
direction of the deformation, allowing greater deformations.
The tensile strength values were determined as the maximum
stress values. Fig. 10 presents the tensile strength as a function of
the MMT  content. Enhancements were also observed in the mem-
branes prepared from dispersions containing up to 4.0 mass% MMT,
corresponding to a maximum increase of 34% in the PSf P-1700
nanocomposite membrane, and of 23% in the PSf P-3500 nanocom-
posite membrane. Therefore, the enhancement of both mechanical
properties is due to the insertion of the polymer chains between
the silicate layers which leaded to an increase in the surface area
of interaction between clay and polymer matrix.
Both PSf membranes prepared from the 5.0 mass% MMT  dis-
persions presented a decrease in these two mechanical properties.
Several possible reasons can be responsible for this decrease. First of
all, higher clay content can cause material embrittlement. Besides
this effect, the existence of ﬂaws such as the weak boundaries
between particles, which may  increase with the volume frac-
tion of the ﬁller, can also decrease the ﬁnal mechanical features.
Another possible reason is the heterogeneity of the samples since
the dispersions used to prepare these membranes had the highest
viscosities which could cause inhomogeneity and a higher number
of macrovoids.
Moreover, comparing both types of polysulfone, these mechan-Fig. 10. Tensile strength for PSf nanocomposite membranes.
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The error bars related to both mechanical properties are con-
iderable and reasonable different from each other whose behavior
an be explained by some reasons. The ﬁrst one is related to the fact
hat the maximum stress is very close to the stress at the breaking
oint. Secondly, the material did not break because it had reached
ts plastic limit but rather because it probably contained a defect,
hich is very common since these samples were porous and had
acrovoids in their substructure, which could cause mechanical
ailure when subjected to deformation.
. Conclusions
By a combination of the wet-phase inversion method and solu-
ion dispersion technique, PSf/MMT nanocomposite membranes
ere prepared and the inﬂuence of MMT  content as well as PSf
olar mass was evaluated. The increase of the basal spacing with
he increase of clay content, detected by SAXRD, could be caused by
he intercalation of PSf chains. TEM photoimages of all nanocom-
osite membranes showed intercalated clay mineral layers and
ggregated clay mineral layers while exfoliated portions could
e seen in TEM photoimages of the membranes with lower clay
ontents. SEM images of the surfaces depicted the decrease in
he number of pores and pore diameter with the increase of clay
ontent for both types of PSf and the cross-section SEM photomi-
rographs showed that the cellular morphology of the pure PSf
embranes was not altered by clay addition. Preliminary FTIR stud-
es presented the interactions between polymer and clay mineral
hose results will be further investigated by Raman and NMR  spec-
roscopies. Thermal resistance was improved by using a higher clay
ontent and polysulfone molar mass, since mass loss was decreased
nd the onset temperature of decomposition was increased. Finally,
y increasing clay content up to 4.0 mass% and by using higher
olysulfone molar mass, mechanical resistance was enhanced.
In the next study, the inﬂuence of clay content and polysulfone
olar mass will be related to the membrane morphology as well
s to its ﬁltration potential. Ternary phase diagrams will be con-
tructed, kinetics of the quaternary system will be measured by
ollowing the distance of precipitation front over time and will be
elated to the rheology of the dispersions. Furthermore, membrane
ydrophilicity will be quantiﬁed. Hence, ﬁltration performance can
e completely understood.
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